ABSTRACT In this paper, a cache-enabled wireless network with circuit power consumption is considered, and the strategy of joint transmission and local caching is studied. The optimization problem of energy consumption minimization is formulated, where the optimized variables include the transmission rate and the local caching rate. The constraint conditions contain the maximum data departure curve, the minimum data departure curve, and the range of the local caching rate. The original problem is intractable and is transformed into a two-layer optimization one by variable substitution. Under given caching policy, the sufficient and necessary conditions for the optimal offline transmission strategy are deduced by using the transmission characteristics. Then, an energy-efficient offline transmission strategy is proposed, and its optimality is proved. The simulation results are provided to verify the performance of the proposed strategy. The simulation results reveal the impact of the cache capacity and the file popularity on energy consumption. Under the same conditions, the performance of the proposed strategy is better than that of the other known algorithms. The proposed strategy to energy-efficient communication is helpful for future green communication.
networks (the base station (BS), relay node, or user equipment), and can effectively reduce the backhaul traffic load and the energy consumption [18] . When a large number of users request the same popular content at different time, the wireless networks need to transmit the same content to each user repeatedly, which will cause the waste of time and frequency resources [19] . If the BS can store the popular content in the cache memory, the popular content only needs to be sent once through the backhaul link, which can effectively reduce the backhaul traffic load and the energy consumption [15] . The cache-enabled macro-cellular networks are considered in [20] , each BS is equipped with a large cache memory, the users can directly achieve the required content from the BS, rather than from the core networks by the backhaul link. For the cache-enabled heterogeneous networks (HetNets), the coverage area of a macro BS (MBS) overlaps that of a small BS (SBS), they share the same spectrum resource. In the cache-enabled HetNets, both the MBS and the SBS are equipped with the cache memory, the users can get the required content from the nearest MBS or the SBS [21] .
In cache-enabled wireless networks, the network operation can be divided into two phases: the content placement phase and delivery phase. In the content placement phase, the appropriate content is stored in cache memory during the non-peak periods. When the requested file is available in the local cache memory (at the SBS or the user), the file can be served by the cache instead of the MBS. This improves the quality of service, and reduces the traffic load of the backhaul link, which can achieve the local caching gain [22] . The content delivery phase works in busy traffic periods, the network can transmit the data file directly to the served users by unicast or multicast transmission [23] , [24] , and the global caching gain can be obtained. The delivery strategy needs to be designed by holistically considering the size of the data, the power allocation and the transmission time slot.
Recently, the joint content placement and delivery has attracted attention [25] [26] [27] [28] . When the traffic load is low, some data can be prefetched before transmission, and the cost of prefetching the data is also considered. The prefetching gain is helpful to use the better channel conditions, equalize the transmission rate, balance the network load, and reduce the energy consumption. The prefetching transmission strategies which minimize the energy consumption and the bandwidth were considered in [29] and [30] , respectively. The cache was only used to store the prefetched content for the users. Once the cached content was transmitted to the users, it would be deleted from the cache, regardless of any possible future requests for the content. Therefore, only the prefetching gain was considered, and there was no local caching gain in [29] and [30] . The joint optimal transmission and caching strategies based on the prefetching gain and local caching gain have been studied in [31] and [32] . The energy consumption minimization of the MSB by jointly designing the transmission strategy of the MBS and the caching strategy of the SBS was studied in [31] . The original infinite-dimensional optimization problem was transformed into a convex optimization problem, the numerical simulation results were given. The HetNets and D2D communication were considered in [32] . In HetNets scenario, the cache was located on the SBS, and the SBS could serve multiple users at the same time. The optimization problem of minimizing the energy consumption could be solved by the dual decomposition method, and a sub-gradient algorithm was proposed.
In the research of the joint optimal transmission and caching strategies in the above literature, only the radio frequency (RF) transmission power consumption was considered, while the circuit power consumption, such as the filter, AC/DC converter, mixer, and other devices, was not taken into account. Without considering the circuit power consumption, the rate-power function is concave and monotonously increasing. Therefore, increasing the transmission time and reducing the transmission rate can reduce the energy consumption [33] [34] [35] . The circuit power consumption usually occupies a large proportion in the overall power consumption, which cannot be ignored [36] , [37] . When considering the circuit power consumption, the intermittent transmission is the optimal transmission scheme [38] , [39] .
In this paper, the problem of minimizing the energy consumption for cache-enabled wireless networks with circuit power consumption is considered. The aim of the paper is to investigate the energy-efficient transmission strategy by considering the prefetching and local caching gains. Compared to the existing works, the main contributions of the paper are summarized as follows:
(1) Firstly, the offline energy consumption minimization for a cache-enabled wireless network with circuit power consumption is established, and the optimization variables include the transmission rate and the local caching rate. The constraint conditions contain maximum data departure curve, minimum data departure curve, and the range of the local caching rate.
(2) Secondly, the original problem is non-convex, we transform it into a two-layer optimization problem by variable substitution. Under given caching policy, the sufficient and necessary conditions for the optimal offline transmission strategy are derived. Then an energy-efficient offline transmission strategy is proposed, and its optimality is proved. In addition, the computational complexity of the proposed algorithm is analyzed, which is lower than that of the existing algorithm.
(3) Thirdly, the simulation results are provided to verify the performance of the proposed strategy. The simulation results reveal the impact of the cache capacity and the file popularity on the energy consumption. For the same conditions, the performance of the proposed strategy is better than that of the existing other algorithms.
The remainder of this paper is organized as follows. Section II introduces the system model and presents the initial problem formulation. Section III derives the necessary and sufficient conditions for the transformed problem, and proposes an energy-efficient optimal offline transmission strategy. Section IV gives the simulation results and some analysis. Finally, in Section V the conclusion is drawn.
II. SYSTEM MODEL AND PROBLEM FORMULATION A. DATA FLOW MODEL
A heterogeneous wireless cache network with the downlink is considered as shown in Fig. 1 . The MBS accesses the core network, and transmits the users' requested data files to the SBS by a wireless backhaul link with the transmission rate r(t). Then the SBS sends the data to K users in a time division multiple access (TDMA) method. Furthermore, the SBS is equipped with a cache memory with capacity of B bits, which is used to cache the received data from the MBS. It is assumed that the MBS and the SBS all work in the different frequency bands, therefore there is no interference between them. The transmission time T consists of N time slots, and the starting point of the n-th time slot is denoted as s n . Let 0 = s 1 < s 2 < . . . < s N −1 < s N < T , and the length of the n-th time slot can be expressed as t n = s n+1 −s n . Define F = {f 0 , f 1 , f 2 , . . . , f |F| } as the set of all the possible requested data files by the users, where f i is a specific data file. Specifically, f 0 defines as an empty file, which indicates that there is no requested data file by the user at the corresponding time slot.
It is assumed that the requested data files for the users are known for the MBS, i.e. the offline policy. At the time duration [0, T ], the SBS transmits the data file to the corresponding user at each time slot according to the known order of the user's request. In order to formulate the related optimization problem, some definitions are given as follows.
Definition 1: The user's requested rate. The requested rate d(t) is the transmission rate of the data file requested by the user. The SBS must transmit the data file to serve the user with not less than this rate
For simplicity and mathematical expression, we assume that each requested data file has a fixed time slot length and a constant requested rate. The time slot length and the requested rate of a data file are usually determined by the upper protocol stack of the system. For example, the requested rate of a video file is higher than that of a general web browsing. Therefore, the user's requested rate can be expressed as d(t) = N n=1 d n rect (t − (s n + t n 2)) t n , where rect (t − a) b denotes a rectangular function, the central point is a and the length is b. If the same data file is requested at time slots n and n , there must be t n = t n and d n = d n . 
Since the data file f 1 is requested at the first and fourth time slots, therefore we have t 1 = t 4 and
It should be noted that the optimal transmission and caching strategy in offline mode is studied in this paper, so the profile of the users' requested data files is available for the MBS.
Definition 2: Local caching rate. The local caching rate c(t) represents the rate at which the SBS caches the data file in the local cache for the future user's request while transmitting the current data file.
As shown in Fig. 1 , the cache memory in the SBS can be virtually divided into two parts: the prefetching data from the MBS and the local caching data from the SBS, respectively. The prefetching data is determined by the transmission strategy of the MBS, r = r(t)| T t=0 , which provides the prefetching gain. The local caching data is determined by the local caching policy of the SBS, c = c(t)| T t=0 , which provides the local caching gain. When the same data files are requested at the future time slots, the caching data of these files does not need to download again from the MBS, which reduces the energy consumption of the backhaul link. In practical system, it is unnecessary to move the data from the cache to be stored again. We can consider that the SBS deletes the user's requested data at the rate d(t) − c(t).
Definition 3: Data departure curve. The data departure curve D(t, r) represents the amount of the cumulative data transmitted by the MBS at time t (t ≥ 0), which depends on the transmission strategy of the MBS. Therefore we have
Definition 4: Maximum data departure curve. The maximum data departure curve denotes the maximum amount of data transmitted by the MBS at time t, which can ensure that the amount of the transmission data by the MBS does not overflow the cache. It is related to the local caching strategy c of the SBS, and can be expressed as
The minimum amount of the cumulative data transmitted by the MBS at time t is bounded, which is determined by the data which is not in the cache. If a specific file has been transmitted by the SBS before, the cache stores a part of VOLUME 7, 2019 the data according to the local caching strategy. The MBS does not need to transmit the caching data when the same file is transmitted, and can only transmit the data with the rate
is a mapping function. The mapping function maps a time slot to the corresponding previous time slot for the same data file. If the file has not been requested before, we define ρ(t) = −1, and c(−1) = 0. The offline mode is considered, ρ(t) is known for the MBS. The lower bound of the data departure curve is determined by the minimum data departure curve, which is described as follows.
Definition 5: Minimum data departure curve. The minimum data departure curve A(t, c), is the minimum amount of the data cumulatively transmitted from the MBS, which must satisfy the user's requested data file. The minimum data departure curve is also related to the local caching strategy c, which can be represented as A(t, c)
B. TRANSMISSION MODEL WITH CIRCUIT POWER CONSUMPTION
The RF transmission power of the MBS can be expressed as p(t), and the corresponding real-time transmission rate is r(t). The relationship between the transmission power and the transmission rate can be expressed as
which should satisfy the following four assumptions:
(r(t)) is a monotonic increasing function of r(t); (3) g(r(t)) is a strictly convex function of r(t); (4) g(r(t)) is continuous and derivative.
It is obvious that the classical Shannon channel capacity formula satisfies the above assumptions, the transmission rate r(t) of the MBS can be expressed as
where h(t) represents the channel power gain from the MBS to the SBS. Similarly in [31] , [40] , [41] , the additional white Gaussian noise channel model is considered, formula (2) can be further expressed as r(t) = ln(1 + p(t)). Therefore, we have p(t) = e r(t) − 1. In addition to the RF transmission power consumption, there are many other components that consume the power in the actual system, such as AD/DA converters, mixers, filters and analog RF amplifiers, which are commonly referred to as the circuit power consumption. When the RF power of the MBS p(t) > 0, the circuit power consumption is denoted as ε > 0; when there is no data transmission, the transmitter does not work, so p(t) = 0 and the circuit power consumption ε = 0. Therefore, the actual power consumption model of the MBS can be expressed as [40] .
Based on the data flow model and the circuit power consumption model, the optimization goal in this paper is to find the joint optimal transmission and caching strategy, so that the energy consumption of the MBS is minimized at the whole time range [0, T ]. The optimization problem can be formulated as follows
where (4a) is to minimize the energy consumption of the MBS. The constraints (4b) and (4c) denote the feasible region of the cumulative transmission data of the MBS. The cumulative transmission data of the MBS at any time cannot overflow the cache memory, but also must satisfy the user's requested rate at the same time. The constraint (4d) represents that the transmission rate must be non-negative. The constraint (4e) means that the caching rate should not exceed the user's real-time requested rate.
III. AN ENERGY-EFFICIENT OPTIMAL TRANSMISSION STRATEGY
It can be seen that problem (4) is an infinite-dimensional optimization problem, and is intractable in general. In this section, we first give some properties of the optimal solution, so that the original infinite-dimensional optimization problem can be transformed into a two-level finitedimensional optimization problem [33] . Then, based on the Karush-Kuhn-Tucker (KKT) conditions of the optimization problem, the related properties of the optimal solution of the finite-dimensional optimization problem are revealed. Finally, an energy-efficient optimal transmission strategy is proposed to minimize the energy consumption of the MBS.
A. CONVERSION OF THE INFINITE-DIMENSIONAL OPTIMIZATION PROBLEM
Because function g(·) is strictly convex, therefore the actual power consumption P total (t) also maintains strict convexity. Then, we have the following Lemmas: Lemma 1: In each transmission slot t n , n = 1, 2, . . . , N , the constant transmission rate is the optimal transmission rate to minimize the energy consumption of the MBS.
Proof: The specific process can be referred to the proof of Theorem 5 in [33] . Lemma 2: In each transmission slot t n , n = 1, 2, . . . , N , it is optimal for the cache memory to cache the data at a constant rate.
Proof: The proof follows similarly to the proof of Lemma 1 in [31] .
According to Lemma 2, the local caching rate c(t) is a piece-wise function. In addition, it is assumed that the user's real-time requested rate d(t) is also a piece-wise function. Their values may change only at the beginning of each time slot. Therefore, the maximum data departure curve B(t, c) and the minimum data departure curve A(t, c) are the piece-wise linear functions, and their slopes may only change at the beginning of each time slot.
As shown in [42] , when the circuit power consumption is not taken into account, the continuous transmission of the MBS at each time slot is optimal. When considering the circuit power consumption, the continuous transmission may not be optimal, and the intermittent transmission become the optimal transmission. It is assumed that the actual transmission duration of the MBS in each slot t i is τ i , where 0 ≤ τ i ≤ t i . From Lemma 1 and Lemma 2, the optimization problem (4) can be equivalently transformed into the following finite-dimensional form
for n = 1, 2, . . . , N , i = 1, 2, . . . , N , and (5a) − (5e) are discrete expressions of (4a) − (4e), respectively. n is a set of time slot indexes, in which the relevant data files have been requested before. For the optimization problem (5), the optimization variables {c i } only appear in the constraints, but not in the objective function, so problem (5) can be further written as a two-layer optimization problem.
for n = 1, 2, . . . , N , i = 1, 2, . . . , N . The outer-layer optimization variables {c i } of (6) are in the constraints (7b) and (7c) of the inner-layer optimization problem, and affect the feasible region of the data departure curve. The local caching is meaningful only when there are the same requested data files. Therefore, it is possible to search the same type of data files to obtain the optimal local caching rate. In this paper, the exhaustive search (ES) is used to solve the local caching rate {c i }, and the computational complexity of ES is related to the number of data files and the files popularity. How to effectively obtain the optimal local caching rate {c i }
is still an open issue. Next, we focus on the solution of the inner-layer optimization problem for the given local caching strategy {c i }.
B. OPTIMAL TRANSMISSION CONDITIONS FOR GIVEN CACHING STRATEGY
Note that τ i (e r i − 1 + ε) in (7a) and r i τ i in (7b) and (7c) are non-convex since the Hessian matrices are not positive semidefinite, problem (7) is non-convex. Through variable substitution, it can be converted into a convex problem. We define θ i = r i τ i for i = 1, 2, . . . , N . Note that θ i is the amount of the transmitted data actually by the MBS at time slot t i . The optimization problem (7) can be rewritten as
for n = 1, 2, . . . , N , i = 1, 2, . . . , N . Where the term τ i (e θ i/ τ i − 1 + ε) is the perspective function of the concave function e θ i − 1 + ε. When τ i = 0, we let τ i (e θ i/ τ i − 1 + ε)= 0. Since the perspective function has the convexity preservation, the objective function (8a) is also convex [43] . Furthermore, the constraint conditions in (8b) − (8e) are all linear. Therefore, problem (8) is convex, and can be solved by the general convex methods such as primal-dual algorithm and sub-gradient method [43] . The computational complexity of the general algorithms is very high. In this paper, we exploit the specific structure of the optimization problem (8) , and present a low complex algorithm, which can provide more insights. The Lagrangian function of problem (8) can be written as
for i = 1, 2, . . . , N and n = 1, 2, . . . , N . λ n ≥ 0, µ n ≥ 0, ϕ i ≥ 0, φ i ≥ 0 and γ i ≥ 0 are the Lagrange multipliers for the corresponding constraints in (8b) − (8e), respectively. We denote θ * i and τ * i as the optimal amount of the transmitted data by the MBS at time slot t i and the corresponding optimal transmission duration, respectively. Moreover, let {λ * n , µ * n , ϕ * i , φ * i , γ * i } be the optimal Lagrange multipliers for VOLUME 7, 2019 its dual problem. Therefore, the KKT conditions are
Furthermore, the complementary slackness conditions are given by
It should be noticed that since the optimization problem (8) is convex, the KKT conditions are the necessary and sufficient conditions for the optimality of the transmission schedule. Based on the KKT conditions, we will clarify some specific properties of the optimal transmission strategy for problem (8) . 
into the equation, we can obtain the optimal transmission rate as follows
r * i = ln N n=i (µ * n − λ * n ).(15)
Lemma 5: When the circuit power consumption is negligible, i.e. ε = 0, we consider this as the case of the ideal circuit power consumption. There are only two possible optimal transmission strategies for the MBS at each time slot t i :
(
. That is, when the MBS has the data to transmit, the transmission duration lasts the whole time slot. (2) When θ
* i = 0, τ * i = 0. That
is, when there is no data to be transmitted by the MBS, the transmission duration is zero.
Proof: This lemma can be proved by using reduction to absurdity. It is assumed that when θ * i > 0, 0 < τ * i < t i . According to the complementary slackness condition in (14), we have φ * i = ϕ * i = γ * i = 0, it can be obtained from (11) (14) , when τ * i = 0, γ * i = 0, (11) can be rewritten as
by substituting
Meanwhile, the system EE is defined as ξ ee (r) = r e r −1+ε , and it is easy to know that ξ ee (r) is a quasi-concave function. Therefore, there exists a unique optimal solution r ee , which can be obtained by calculating the first derivative of ξ ee (r).
It is noted that when r < r ee , ξ ee (r) is a monotonic incremental function about r; when r > r ee , ξ ee (r) is a monotonic decreasing function about r; and when r = r ee , ξ ee (r) reaches the maximum value, that is, the optimal EE. It can be summarized as follows f (r) < 0, dξ ee (r) dr > 0, when r < r ee ;
When τ * i < t i , by the complementary slackness conditions in (14), we have ϕ * i = 0. We can get f (r * i ) = ϕ * i = 0 from (19), therefore we obtain r * i = r ee from (21) . Similarly, when τ * i = t i , we have ϕ * i ≥ 0, and f (r * i ) = ϕ * i ≥ 0 is deduced from (19) , and we can have r * i ≥ r ee from (21) . Considering the actual circuit power consumption, the nonzero optimal transmission rate of the MBS must satisfy r * i ≥ r ee for any time slot t i . That is to say, if r ee can satisfy the feasible region of the data transmission, any transmission rate r i < r ee will be replaced by r ee . Because r ee is the optimal transmission rate for EE, it can also minimize the energy consumption of the system. In this case, the transmission duration of the MBS at each time slot is τ * i < t i , that is, the data transmission is intermittent. If r ee cannot satisfy the feasible region of the data transmission, the MBS will transmit the data at the whole time slot at rate r * i ≥ r ee .
In addition, it should be noted that Lemma (6) only gives the conditions that r * i should satisfy, and the relationship between the corresponding transmission duration τ * i and the time slot t i for the optimal transmission strategy, but the optimal transmission strategy that satisfies these conditions is not unique. Any transmission strategy that transmits the data with the rate r ee in the transmission duration τ * i < t i is a feasible optimal solution.
Theorem 1: Any feasible transmission strategy that satisfies Lemmas (3)−(6) is the optimal solution of the optimization problem (8) .
Proof: Lemmas (3)−(6) are derived from the KKT conditions (10)- (14) (6) is optimal for the optimization problem (8) .
IV. AN ENERGY-EFFICIENT OPTIMAL OFFLINE TRANSMISSION STRATEGY
In this section, an offline transmission strategy with the optimal EE based on Lemmas 3−6 is proposed, then its optimality for problem (8) is illustrated.
When the local caching strategy {c i } is given, the feasible region of θ i in problem (8), i.e. the right expressions of constraints (8b) and (8c), can be uniquely determined. So for a given local caching strategy {c i }, the maximum data departure curve B(t, c) and the minimum data departure curve A(t, c) of problem (8) can be obtained. Within the feasible region, the optimal data departure curve for the case of the ideal circuit power consumption can be obtained by using the ''String Tautening'' algorithm [33] , [44] . Intuitively it is equivalent to binding one end of a string at the starting point (0, 0) and passing the other end through the terminal point (T , A(t)). When the string is pulled tightly between the maximum data departure curve B(t) and the minimum data departure curve A(t), the trajectory of the string is the optimal data departure curve that minimizes the energy consumption of the MBS. When r i < r ee , the optimal data departure curve can be achieved by replaced r i with r ee , then we can get the optimal data departure curve for the case of the actual circuit power consumption. The specific algorithm is presented in Algorithm 1.
Step 1−step 4 in Algorithm 1 can obtain the minimum energy consumption for the case of the ideal circuit power consumption. According to Lemma (5), the optimal solution for the case of the ideal circuit power consumption is only τ i = 0 or τ i = t i . The time slots for τ i = t i are divided into two sets of M | r i ≥r ee and N | r i <r ee . Similarly, according to Lemma 6, the optimal solution of problem (8) is one of τ i = 0, 0 < τ i < t i , and τ i = t i . The case of τ i = 0 is not considered, and the solution sets can be classified into two sets of P| τ i =t i and Q| 0<τ i <t i .
For the set M | r i ≥r ee , τ i = t i , r * i can minimize the objective function of the case of the ideal circuit power consumption. A(t) ) from the starting point. 3. Get the first intersection point t end , and When a constant ε is added to the objective function, r * i is still the optimal solution. Therefore we can let M | r i ≥r ee = P| τ i =t i . For the set N | r i <r ee , r * i can minimize the objective function of the case of the ideal circuit power consumption, but it does not satisfy the condition of the optimal solution of problem (8) . r * i in the set N | r i <r ee is replaced with r ee , which can guarantee the minimal data transmission requirements. Let the transmission duration τ i = r i t i r ee , the set Q| 0<τ i <t i can be obtained, that is the execution process of step 5 in the proposed algorithm. Because r i < r ee , τ i < t i . In summary, the proposed algorithm in Algorithm 1 satisfies Lemmas (3)−(6), so it is the optimal solution of problem (8) .
The computational complexity of the whole algorithm is related to the number of the requested files, the file popularity and the cache capacity. It is assumed that there are N requested files, the number of the file types is |F| ≥ 1, the number of files f i is N i , and we have
The computational complexity of the local caching rate can be expressed as O(N − |F|), which is related to the file popularity. If the files are different, no local caching is required, all local caching rates are 0, and the computational complexity is O(1). If all files are the same, the computational complexity is O(1). To sum up, the computational complexity of solving the local caching rate is O(1) ∼ O(N − |F|).
The process of each slot in algorithm 1 includes two steps. The first step is to find the optimal transmission rate for the ideal circuit power consumption. The second step is to compare the optimal transmission rate with r ee . The computational complexity in each slot is 2, and the computational complexity of algorithm 1 is O (2N ) . Therefore, the computational complexity of the proposed algorithm is O (2N ) ∼ O(2N (N − |F|) ).
The computational complexity of the existing inner layer transmission algorithm in [45] is O(N 2 ), the computational complexity of the outer layer is O(N ), and the total computational complexity is O (N 3 ) . Therefore, the computational complexity of the proposed algorithm is more efficient than that of the existing one.
V. NUMERICAL RESULTS
In this section, we provide the numerical simulation results of the proposed energy-efficient offline transmission strategy. It is assumed that the system bandwidth W = 1 MHz, the circuit power consumption ε = 3 Watt [36] , [39] . The time slot is normalized to t i = 1 s, i = 1, 2, . . . , N . Fig. 3 and Fig. 4 describe the optimal data departure curve of the MBS when the cache capacities are 1 Mnats and 3 Mnats, respectively. The number of the data files is N = 4, and the order of the data files is {f 1 , f 2 , f 2 , f 1 }, where the sizes of the data files f 1 and f 2 are 1 Mnats and 2 Mnats, respectively.
In Fig. 3 , the cache capacity is 1 Mnats, and the optimal caching rates are c(t 2 ) = 1 Mnats/s, and c(t 1 ) = c(t 3 ) = c(t 4 ) = 0 Mnats/s, then the maximum data departure curve and the minimum data departure curve can be obtained. For the ideal circuit power consumption, in time slot t 1 , the transmission rate of the MBS is r 1 = 1.5 Mnats/s, and the cumulative transmission data is 1.5 Mnats. The MBS not only transmits 1 Mnats data of the file f 1 completely, but also transmits 0.5 Mnats data of the file f 2 , which is stored in the cache. It provides prefetching gain for the file f 2 . At time instant s 2 , the interval between the maximum data departure curve and the optimal data departure curve is 0.5 Mnats, which means that there is still 0.5 Mnats free space available in the cache. At time slot t 2 , the transmission rate r 2 is 1.5 Mnats/s, and the 0.5 Mnats data of the file f 2 stored in the cache at time slot t 1 is also transmitted. The cumulative transmission data is 3 Mnats at time instant s 3 , and the file f 2 is transmitted completely. The local caching rate is c(t 2 ) = 1 Mnats/s, and there is 1 Mnats data of the file f 2 stored in the cache for the future transmission, which provides the local caching gain. The maximum data departure curve intersects the minimum data departure curve at time instant s 3 , and the cache is full. At time slot t 3 , the 1 Mnats data of the file f 2 stored in the cache is transmitted to the user. In order to satisfy the user's file request, the MBS must transmit the remaining 1 Mnats data of file f 2 to the SBS with rate r 3 = 1 Mnats/s. At time slot t 4 , the transmission rate of file f 1 is r 4 = 1 Mnats/s, which is the same as the user's requested rate. Considering the actual circuit power consumption, the optimal transmission rate is r ee = 1.463 Mnats/s. At time slots t 1 and t 2 , r 1 > r ee and r 2 > r ee , the data transmission rate of the MBS is still r 1 and r 2 . Therefore, the optimal actual data departure curve overlaps the optimal ideal data departure curve in these two time slots. At time slots t 3 and t 4 , r 3 < r ee and r 4 < r ee , the optimal data transmission rate of the actual circuit power consumption is replaced by r ee at these two time slots. The transmission duration τ 3 = It can be seen that the actual energy consumption is greater than the ideal energy consumption, it is mainly because the actual energy consumption includes the circuit power consumption.
In Fig. 4 , the cache capacity is 3 Mnats, and the optimal caching rates are c(t 1 ) = 1 Mnats/s, c(t 2 ) = 2 Mnats/s, and c(t 3 ) = c(t 4 ) = 0 Mnats/s. For the case of the ideal circuit power consumption, the transmission rates are r 1 = r 2 = 1.5 Mnats/s, and r 3 = r 4 = 0 Mnats/s. Since r ee = 1.463 Mnats/s, r 1 (r 2 ) > r ee , and r 3 = r 4 = 0 Mnats/s, the optimal data transmission curve for the case of the actual circuit power consumption is the same as that for the case of the ideal circuit power consumption. At time slot t 1 , the MBS transmits a total of 1.5 Mnats data, which includes 1 Mnats data of file f 1 and 0.5 Mnats data of file f 2 . These two parts of data are stored in the cache, which provide the local caching gain and the prefetching gain. In time slot t 2 , the MBS continues to transmit the remaining 1.5 Mnats data of file f 2 , and this part of data is also stored in the cache, which provides the local caching gain. At time instant s 3 , the data of files f 1 and f 2 are stored in the cache, and the cache is full. At time slots t 3 and t 4 , the MBS does not need to transmit any more data, and the SBS can transmit the caching data directly to the corresponding users, thus the energy saving can be obtained. Therefore, the cache capacity has an impact on the energy consumption. Fig. 5 and Fig. 6 illustrate the energy consumption versus the cache capacity and the file popularity for different algorithms, respectively. Considering a total of N = 60 files that may be requested by the users, the requested rates d(t) are distributed in the range of [0.1, 3.5] Mnats/s [31] . The probability of the requested file f j is θ j , which is independent and identically distributed at each time slot and obeys the Zipf distribution, i.e., θ j = j −γ ( |F| q=1 q −γ ), where γ denotes the skewness of the file popularity [32] . When γ = 0, the file popularity obeys the uniform distribution. When γ becomes larger, the file popularity begins to skew. For comparison, the performance of the other four transmission algorithms are given. The no caching algorithm (NCA): the MBS transmits the data in real time with the rate r(t) = d(t), and there is no cache at the SBS. The prefetching caching algorithm (PCA): the cache is only used for prefetching data, that is, it only provides the prefetching gain [29] . The local caching algorithm (LCA): for the most popular files, they are cached at the first time, then are stored in the cache for the rest time slots, i.e., only the local caching gain is provided. The least recently used caching algorithm (LRUCA): the cache always stores the most recently requested files [46] .
The energy consumption with respect to the cache capacity is shown in Fig. 5 , where γ = 0.4. The NCA does not have any prefetching gain and local caching gain, and consumes the most energy. Its energy consumption does not change with the cache capacity. With the increase of the cache capacity, the energy consumption of PCA decreases slowly, then the curve of the energy consumption tends to be flat. The curves of the energy consumption of LRUCA and LCA are similar to that of PCA, but the performance of LRUCA is better than that of LCA and PCA. The performance of the proposed energy-efficient optimal strategy is obviously superior to these of the other four algorithms. With the increase of the cache capacity, the superiority of the proposed strategy becomes more obvious. This is because the proposed strategy makes full use of the prefetching gain and the local caching gain. Fig. 6 shows the impact of the file popularity on the energy consumption of the MBS, and the cache capacity is 4 Mnats. With the increase of file popularity, the curves of the energy consumption in the five algorithms are all decreasing. NCA consumes the most energy. The performances of LRUA, LCA and PCA are similar. The performance of the proposed strategy is obviously better than that of the other four algorithms, which validates the superiority of the proposed strategy in energy saving.
VI. CONCLUSION
The energy consumption minimization of the MBS for the cache-enabled wireless network with the circuit power consumption was investigated. The MBS transmitted the wireless data to the SBS, and the SBS equipped with a cache served the users. By utilizing the transmission characteristics of the data files, the infinite-dimension optimization problem was transformed into the finitedimension optimization problem. Under a given local caching strategy, the maximum data departure curve and the minimum data departure curve were determined. The sufficient and necessary conditions for the optimal transmission strat-VOLUME 7, 2019 egy were obtained. Then, an optimal energy-efficient offline transmission strategy was proposed. The simulation results were provided to verify the performance of the proposed strategy. The simulation results showed the influence of the cache capacity and the file popularity on the performance of the proposed strategy. By comparing with the other algorithms, the performance of the proposed strategy had the obvious advantage. In the future, we will extend our work to the case of multiple antennas. SHIPING CHEN is currently a Principal Research Scientist with CSIRO Data61. He is also an Adjunct Associate Professor with the University of Sydney and the University of New South Wales (UNSW) through teaching and supervising Ph.D. students. He has been working on distributed systems for over 20 years with a focus on performance, security, and trust. He has published over 150 research papers in these areas. He is also actively involved in software engineering and service/cloud computing research communities through publications, journal editorships, and conference TPC services, including WWW, EDOC, ICSOC, and IEEE ICWS/SCC/CLOUD. His current research interests include cybersecurity, blockchain, and service-oriented collaborations. He is a Senior Member of the IEEE. 
